Determination of the anisotropic mechanical properties of nanostructured hybrid films is of great importance to improve fabrication and to enable reliable utility. Here, we employ spontaneous Brillouin light spectroscopy to record the phononic dispersion relation along two symmetry directions in a supported PMMA (poly(methylmethacrylate))-BaTiO 3 hybrid superlattice (SL) with lattice constant of about 140 nm. Several dispersive elastic modes are resolved for in-plane wave propagation, whereas along the periodicity direction the SL opens a wide propagation stopband for hypersonic phonons and near UV photons both centered at about 280 nm.
fundamental studies of phononic crystals. This was realized already prior to the theoretical prediction of phononic band gaps 9 , 10 by reporting in 1979 selective transmission of elastic waves in SLs, i.e., phonon filtering by dielectric Bragg mirrors. 11 The SL platform allows the manipulation of elastic wave propagation in periodic structures. For example, longitudinal phonons folded 12 to the Brillouin zone (BZ) and confined acoustic vibrations 13 in semiconductor SLs have been observed by Raman scattering. 12, 14, 15 This earlier work has stimulated further studies in search of phononic band gaps 16, 17, 18 establishing the concepts of unidirectional bandgap in the case of 1D hypersonic phononic crystals. 19 Several applications benefit from SL designs such as coherent phonon generation 20 acoustic diodes 21 and decrease of heat conductivity. 22 The use of polymers expands the performance possibilities of nanocomposites, in opposition to rigid crystals, due to their elastic versatility, an inexpensive fabrication, and their general biocompatibility. 23, 24 The combination of polymers with inorganic materials opens new routes for the generation of quality and functional hybrid phononic structures. Hybrid (organic-inorganic) superlattices (SL) can be prepared over large areas, and are excellent coatings for multiple applications in photonics such as selective mirrors. 25, 26 Through the phononic behavior of SLs, knowledge on the elastic properties --necessary for an optimal performance--can be obtained. 27 Silica and poly(methylmethacrylate) (SiO 2 -PMMA) SLs, studied by non-destructive Brillouin spectroscopy (BLS), have advanced our understanding of sound propagation that opens new pathways to tunable hybrid periodic films. For example, the architecture of finite SLs with controlled defects allows the engineering of the bandgap region through the interaction of surface and cavity vibration modes. 28, 29 In the case of spincoated SiO 2 -PMMA SLs, the band gap width of the hybrid SL has been limited by the porosity of the inorganic layer (to Δf/f g ≈ 30%, here f g is the midfrequency of the gap). This limitation on the elastic impedance contrast has been overcome by the fabrication of polycarbonate (PC) and tungsten (W) SLs by pulsed laser deposition; the PC/W interface roughness is significantly low and the structure exhibits a broad (Δf/f g ≈70%) band gap. 30 The disadvantages of pulsed-laser deposited SLs over spin-coated SLs relate to the complex sample preparation which involves controlled vacuum and temperature conditions. The replacement of the porous SiO 2 phase by heavier phase, such as barium titanate (BaTiO 3 ), in spincoated SLs is expected to have an impact on the band gap width.
Determination of the mechanical properties of nanostructured soft materials and their composites in a quantitative manner is of great importance to improve the fidelity in their fabrication and to enable subsequent reliable utility.
While the mechanical properties of bulk materials are well-established, those of thin and patterned soft matter are subject to variations inherent to the fabrication and subsequent aging. 31, 32 Mechanical properties and the stability of nanostructured materials are of importance for a wide range of applications that comprise coatings, microelectronic, photonics, nano-electro-mechanical systems, and biomedical technologies. As many coatings exhibit substantial anisotropy 33 , 34 of structure and properties direct access to both in-plane and out-of-plane elastic constants becomes necessary. A non-destructive characterization of the mechanical properties of films is therefore of key importance in advancing microlithography and coating-based technologies. BLS is a powerful technique for a detailed study of direction-dependent elastic wave propagation in transparent nanostructures. 34 . In the case of SL films, the presence of symmetry renders the elastic wave propagation outside the bandgap region (along the periodicity direction) and normal to the periodicity direction inherently anisotropic and hence a unique assessment of direction dependent elastic constants of the film is required for a complete mechanical characterization at nanoscale. 29 Here, we present a fast and compact procedure to fabricate high impedance hybrid SLs. We make use of the spin-coating technique to prepare PMMA and that mimic the porous BaTiO 3 layer in the SL.
II. METHODS AND CHARACTERIZATION
The hybrid superlattice film was prepared from PMMA and BaTiO 3 nanoparticles by the spin-coating technique. The BaTiO 3 perovskite nanoparticles are prepared by a hydrothermal synthesis using barium (Ba) and titanium isopropoxide (Sigma Aldrich). 35 In order to determine their morphology, nanoparticles are drop-coated on a carbon-coated copper grid and measured with a transmission electron microscope (TEM; JEOL 1400).
Nanoparticles size is 7 ± 1 nm and their shape is approximately spherical (Fig. 1a) . For the fabrication of the SL, layers of PMMA (2.5 wt% in toluene) and BaTiO 3 nanoparticles (20 g/L in ethanol) are alternatively spin-coated onto a clean glass substrate (5000 rpm, 20 s). After each layer, the sample is dried at 100°C for 15 min. The microstructure of the SL is characterized by scanning electron microscope (SEM, Leo Gemini 1530). The average lattice constant is a = 141 ± 15 nm, and hence the total thickness of the 10 bilayer superlattice film is h = 1410 nm (Fig. 1b) . In order to obtain the refractive index necessary to calculate the q(n) out of plane, the photonic UV-VIS spectrum is measured with a spectrometer (Cary 5G Varian) at normal incidence. The UV-VIS spectrum (Fig. 2) displays a minimum of transmittance at λ B = 430 nm. From Bragg-Snell law λ B = 2n eff a we estimate the effective refractive index of the SL as n eff = 1.53. The width of the gap is given by Δ ≈ 50 nm. 36 These results are in good agreement with the shaded region in Fig. 2 , associated to the minimum in transmission. The transmission does not reach unity because of the finite size of the structure (10 bilayers) and the absorption in the BaTiO 3 layers; this quantity has been taken into account in the simulation spectra (blue line in Fig. 2) by adding a small imaginary part to the refractive index of BaTiO 3 . The simulation of the photonic spectrum has been done using an analytic Green function method, 37 while the same result can be found by simulation using the finite element method (FEM) based on Comsol Multiphysics software. The dispersion relation and the displacement fields of the PMMA/BaTiO 3 SL modes are obtained by solving the elasticity equations of motion by using Comsol Multiphysics software based on the finite element method (FEM) while they can be also obtained by the analytic Green function approach. 28 The governing equations of motion which describe the propagation of the hypersonic phonons in such structure are given by:
where is the mass density, ω (=2πf) is the pulsation, u is the displacement vector and is the elastic stress tensor.
The proposed structure consists of 20 alternating PMMA and BaTiO 3 layers deposited along the y direction on a semi-infinite glass substrate. The structure is infinite along x and z directions. Along the periodicity direction, the dispersion curves of an infinite superlattice are obtained by considering one unit cell of a PMMA/BaTiO 3 bilayer and applying the periodic boundary conditions. 38 The knowledge of the dispersion relation allows us to calculate the BLS spectra. The main elasto-optic interaction mechanism in transparent materials is based on the photon-phonon interaction that results in the change of the dielectric permittivity tensor δε ij at each point of the sample, due to its modulation by the acoustic wave, according to the proportionality of δε ij to the elastic strain S kl , δε ij = P ijkl S kl . Here P ijkl are the components of the photoelastic tensor. A simple approach of the Brillouin intensity is then given by:
where is the j component of the scattered electric field, and is the i component of the electric field from the probing laser and q is the wave vector. In isotropic materials, there are only two independent photoelastic coefficients, namely P 11 (=P 1111 ) and P 12 (=P 1122 ). In our problem the scattered electric field and the incident electric field are both polarized in z direction, either the acoustic wave propagation is in plane or out of plane.
Then, equation (2) becomes as follows. For in plane propagation:
For out of plane propagation:
where ∥ and are respectively the wave vector for propagation parallel and perpendicular to the layers, and are the components of the displacement field associated with the elastic wave, is the incident electric field, and is the photoelastic coefficient in medium .
III. IN PLANE PROPAGATION
Experimental polarized BLS spectra at different scattering wave vectors q // (in-plane and normal to the periodicity direction), and at room temperature, are displayed in Fig. 3a for an almost symmetric supported (Fig.3c) , where h is the total thickness of the SL film. 39, 40 Above about hq // > 10, the phonon wavelength (2π/q // ) becomes smaller than the thickness, and the effective medium longitudinal sound velocity, c // = 2620 ± 13 m/s is reached. This c // value in the SL is surprising low, being even lower than in the soft PMMA sublayer (c PMMA = 2800 m/s, Table 1 ).
An explanation of such low effective sound velocity in the SL could be the association of the observed modes at high hq // values (Fig. 3c) to guided-Sezawa type modes. In the case of a slow supported film on a fast substrate, the Sezawa modes -which are guided modes in the supported filmhave been more often studied in the vicinity of transverse velocity of the film 45 and are therefore mainly of transverse character. In Fig. 3c , these kind of Sezawa modes are those situated on the dispersion curves which go below 2620 m/s (visible only at low hq // , i.e. wavelength larger than thickness). The observed mode which asymptotically goes to 2620 m/s (Fig. 3b,c) is of longitudinal character, and is identified with the guided longitudinal mode of the supported film. The computed field maps of modes propagating in the supported film at high hq // (= 17) values clearly reveal predominant localization of the longitudinal displacement field within the film (Supporting Fig. S1 ). Longitudinal guided modes have for instance been observed in a ZnSe supported film 46 and a GaN-AlN supported bilayer. 47 The longitudinal guided modes at high hq // are therefore not related to the interface between the SL and the substrate, and can exist even in free-standing films (Supporting Fig. S2 ). Therefore, the low effective sound velocity in the SL cannot be rationalized with a description based on Sezawa modes. Prior to the discussion of this unexpected finding, first we discuss on other characteristic features of the in-plane elastic modes in Fig. 3c . In contrast to the present SL, no dispersive acoustic modes were discernible in a similar hybrid spincoated SiO 2 /PMMA; the reader is referred to Schneider et al. 28 Instead, a single longitudinal acoustic phonon was observed corresponding to the effective medium sound velocity, higher than in bulk PMMA. The main difference between the two SLs is the density of the inorganic phase of the SLs, higher in the BaTiO 3 /PMMA SL (ρ BaTiO3 = 3300 kg/m 3 vs. ρ SiO2 =1420 kg/m 3 ), that can quantitatively affect the dispersion of the film guided modes.
In the case of SiO 2 /PMMA SL, the dispersion is shifted to lower q // compared to BaTiO 3 /PMMA SL, and renders the resolution of the elastic modes difficult. This notion was further corroborated by the observation of predominantly longitudinal guided mode in a spincoated TiO 2 /PMMA SL with denser TiO 2 sublayers (ρ TiO2 = 1900 kg/m 3 ) than the SiO 2 layers of the SiO 2 /PMMA SL. 41 Hence for similar sound velocities of the hard layers (same soft PMMA layer), the in-plane phonon dispersion depends sensitively on their density.
The in-plane acoustic excitations are guided modes in the SL as indicated in the space distribution of the displacement field (Fig. 3d) . The elastic energy is mainly associated with the longitudinal ( ) motion of the acoustic wave and the exact vertical location depends on the probed modes as shown in Fig.4a and Fig.4c at a given q // (= 0.0051 nm -1 ) for two different modes. Along the periodicity direction (y), the square modulus of the displacement field for the two modes is relatively low in support of their longitudinal character. In order to address the importance of the periodicity, we have theoretically examined the in-plane guided modes of a homogeneous film with the effective elastic parameters and thickness as in the corresponding SL. 42 The behavior in both film and SL is found to be quantitatively the same as shown in the elastic energy distribution in Fig. 4b ,d for two modes with very similar frequencies. This result clearly supports the idea that the guide mode pattern is robust to the disorder of the nanocomposite films. We turn now to the unexpectedly low effective medium longitudinal sound velocity, c // (= 2620 ± 13 m/s) in the BaTiO 3 /PMMA SL. Given the unexpected effective c // (Fig. 4) , we examined its value in BaTiO 3 /PMMA nanocomposites with different volume fraction of the hard component. The films prepared by spin-coating of mixed solution (see experimental section) were much thicker (5 µm) than the SL, so that one effective medium longitudinal acoustic mode is recorded by BLS. Figure 5 shows the volume fraction dependence of the experimentally and 
IV. OUT OF PLANE PROPAGATION
Along the SL periodicity direction, we have recorded the BLS spectra for q ┴ , normal to the film, near the reduced Brillouin zone (q BZ ≈ π/a). 2 The BLS spectra of Fig. 6a show a double peak structure, corresponding to a phononic interference-based (Bragg) band gap, as displayed in the dispersion relation in Fig. 6b . The experimental spectra can be theoretically represented using the component sound velocities and densities in Table 1 , and the same photoelastic coefficients (P BaTiO3 = P PMMA ) used for the calculation of the in-plane BLS spectra (Fig. 3a) . The choice of the photoelastic coefficients is based on the best representation of the BLS spectra out-of-plane, and is justified by the strong infiltration of the BaTiO 3 layers. The experimental frequencies are captured in the dispersion relation by Rytov's equation of an infinite SL 38 and the parameters of Table 1 . We recall that for the determination of q ┴ we used the refractive index n eff = 1.53 as estimated from the photonic gap (Fig.2) . The frequency separation of the two branches is the highest among the known SL fabricated by spin-coating leading to a large band gap width (5.5 GHz) in the dispersion of Hypersonic SLs are photonic structures in the visible with very similar phonon and photon wavelength stop bands. In fact, the phononic band gap is for Λ (≈ 2π/0.0225 nm -1 ) about 280 nm (Fig.6b) , while the photonic gap occurs at λ (≈ 432/1.53) ≈ 282 nm.
V. CONCLUSIONS
We have studied the elastic wave propagation in supported 10 bilayers BaTiO 3 /PMMA SL film along and normal (in-plane) to the periodicity direction using BLS and theoretical analysis. The effective refractive index of the SL was obtained from the minimum UV-VIS photonic transmittance and found to be lower than in bulk BaTiO 3 due to the PMMA infiltration of the BaTiO 3 layer in the SL. This inevitable infiltration effect of the spin-coating fabrication is responsible for the decrease of the effective medium sound velocity even below the value in the soft PMMA layer. The isotropic wave propagation in the constituent layers becomes direction dependent with not only distinct dispersion (frequency vs. wave vector) relations but also effective medium sound velocities. Full representation of the BLS experiment (dispersion relation and intensities) using FEM calculations is necessary to identify the in-plane dispersive modes, capture the characteristics of the unidirectional band gap and rationalize the low and direction dependent effective medium sound velocities.
For the finite SL thickness, in-plane propagation reveal up to three dispersive modes with mixed polarization which are well described using the density and elastic constants of the PMMA and the PMMA infiltrated BaTiO 3 layer. The resolution of these modes, absent in other SiO 2 /PMMA SL, is facilitated by the large density contrast that also leads to the reduction of the effective medium sound velocity (softening of the elastic modulus) of the SL.
Notably, the dispersive modes are insensitive to the SL layered structure and depend only on the used spatial resolution, hq // , given by the film thickness (h) and the in-plane wave vector (q // ). The anticipated phononic band gap along the periodicity direction with ≈0.6 band gap width to mid-gap frequency ratio is one of the largest among the known hybrid SLs due to the large density contrast. Concurrently, the SL acts also as phoxonic 1D crystal with dual bandgaps for both photons and phonons with mid gap wavelength ≈ 280nm. Although a spin-coating technique provides a facile fabrication of SLs with large range of materials, the unavoidable softening of the hard layer limits further increase of the stop bandwidth compared with other fabrication techniques, e.g., pulsed laser deposition. For the effective medium elastic modulus (C 33 ) along the periodicity assumes a lower (~ 15%) value than the in-plane value (C 11 ).
SUPPLEMENTARY MATERIAL
The displacement fields of a supported and a free standing SL, along with their dispersion diagram, are provided in the Supplementary Material.
